Solid oxygen is a unique molecular crystal whose phase diagram is mostly imposed by magnetic ordering, i.e., each crystal phase has a specific magnetic structure. However, recent experiments showed that high-pressure δ-phase is implemented in different magnetic structures. In the present paper we study the role of interplane exchange interactions in formation of the magnetic structures with different stacking sequences of the close-packed planes. We show that temperature-induced variation of intermolecular distances can give rise to compensation of the exchange coupling between the nearest close-packed planes and result in the phase transition between different magnetic structures within δ-O 2 . Variation of the magnetic ordering is, in turn, accompanied by the step-wise variation of interplane distance governed by space and angular dependence of interplane exchange constants.
I. INTRODUCTION
Solid oxygen is known to occupy a particular place in the large family of cryocrystals.
First, it is the only molecular crystal that shows magnetic ordering in a wide range of temperatures and pressures 1 . On the other hand, some magnetic modifications of solid O 2
have recently found a practical application as converters for the production of ultra-cold neutrons 2,3 .
Due to magnetic properties of O 2 molecule that possesses nonzero spin S O 2 = 1 in the ground state, solid oxygen shows rich and nontrivial phase diagram that includes, among others, different magnetic phases (α, β, δ, and ε, see Fig.1 ). Exchange magnetic interactions between O 2 molecules at low temperature prove to be of the same order as lattice energy.
As a result, the phase diagram of the solid oxygen is completely imposed by the magnetic structures, i.e., the crystal structure is being "spin controlled" 4 . However, recent experiments by Klotz et al 5 revealed the different types of magnetic ordering within the high-pressure δ-phase, nontrivial temperature behavior of the lattice constants, and put into doubt the dominant role of magnetic interactions.
In the present paper we try to corroborate the idea of spin-controlled crystal structure of solid oxygen. We argue that temperature dependence of lattice parameters in δ-phase results from variation of the inter-and intra-plane exchange magnetic coupling. We show that competition between the different interplane exchange constants induced by the lattice deformation can generate a variety of the magnetic structures with different stacking sequence of the close-packed ab planes.
II. MODEL
Crystal structure of δ-O 2 is described by orthorhombic symmetry group 1 D 23 2h . The oxygen molecules can all be considered to be oriented parallel to each other and perpendicular to the close-packed atomic ab-planes 7 , as shown in Fig. 2(b) . As it as already mentioned, each O 2 molecule has a spin S O 2 = 1 in its ground state that determines magentic properties of solid oxygen. The magnetic ordering within ab-plane corresponds to collinear antiferromagnet (AFM) and is described by two magnetic sublattices 4 , S 1 and S 2 (see Fig. 2a ). It is worth noting that the in-plane ordering is similar in α-and δ-phases with the magnetic moments directed nearly along the b-axis. In what follows we suppose the in-plane AFM configuration unchangeable, in accordance with the experimental data 4 . The mutual orientation of the moments in the adjacent close-packed layers is not uniquely determined and can be parallel or antiparallel, as will be shown below.
Temperature dependence of the lattice constants and magnetic phase diagram of δ-O 2 could be explained from the analysis of the magnetic energy of the crystal (per unit volume) which in the mean-field approximation takes a form
Here the vectors S αp (α = 1, 2) are the spins averaged over the p-th ab-plane, N is the number of ab-planes per unit length, different constants J(r) describe the in-plane and interplane exchange interactions between the nearest and next to the nearest neighbors (NN and NNN) separated by a distance r (as shown in Fig. 2b ),
, and r c = c, vectors a, b, and c define the orthorhombic unit cell. All the spins have the same value |S αp | = M 0 (T ) which is supposed to be temperature dependent.
We assume that the exchange coupling between O 2 molecules has an AFM character (all the exchange constants are positive, J > 0). Basing on the analysis made in Ref. 1 we further assume that the in-plane exchange integrals J(r) are the decreasing functions of intermolecular distances r, so, dJ(r)/dr < 0. The interplane exchange integrals J(r, θ) are, in addition, the functions of angle θ between the molecular axes and intermolecular vector r (see, e.g., Refs.9-11).
According to experimental data 5 , variation of lattice parameters a, b and c within the wide temperature range is small and thus can be described by the components u jj ≪ 1 (j = x, y, z) of the strain tensor as follows:
where a 0 , b 0 , c 0 are the lattice parameters at T → 0 (for a fixed pressure value), and coordinate axes x, y, z are parallel to the axes of the orthorhombic crystal unit cell (see Fig. 2 ). In what follows we introduce three combinations of u jj that form irreducible representations of the space group D 23 2h : i ) relative variation of the specific volume δv/v ≡ u xx + u yy + u zz ; ii ) rhombic deformation of in-plane unit cell u rh ≡ u xx − u yy ; iii ) variation of interplane distance u zz .
Elastic energy written in these notations takes a form
where c rh , c 33 are elastic modula, T and P are temperature and external pressure correspondingly, f (δv/v; T ) is a model function that takes into account temperature-induced anharmonicity of the crystal lattice.
Magnetoelastic contribution into free energy of the crystal is obtained from (1) 
III. QUALITATIVE CONSIDERATIONS
We argue that the observed temperature variation of the crystal and magnetic properties of δ-O 2 arises from competition of the AFM exchange interactions between different sites and proceed from the following. in the whole range of temperature and pressure values. This fact can also be explained by competition of the interplane exchange interactions J bc and J ac . To clarify this point we have plotted the intermolecular distances r ac and r bc as the functions of average intermolecular distances represented by the volume v of the crystal unit cell (see Fig. 3 ). The distances r ac and r bc were calculated using the results of measurement of temperature 5, 6 and pressure 7, 8 dependencies taken in different regions of solid O 2 phase diagram including α-and δ-phases 14 . It can be clearly seen that in the α-O 2 the distance r ac > r bc and the difference between these values is of the order of 20%.
Taking into account the character of space and angular dependence J(r, θ), one can assume that J bc < J ac and HTC ordering is energetically favorable. At the α → δ transition point the dependence r ac (v) shows step-like decrease. Correspondingly, the relative difference between r ac and r bc diminishes down to ∝ 7.5%. Corresponding difference between J bc and J ac can be compensated due to strong angular dependence of J(r, θ) that becomes crucial at small intermolecular distances. Thus, the difference J bc − J ac changes sign and ITC and LTC phases turn out to be favorable. In the next sections we will substantiate these qualitative considerations with the phenomenological analysis of the magnetic and crystal structure of δ-O 2 .
IV. INTRAPLANE EXCHANGE AND TEMPERATURE DEPENDENCE OF LATTICE PARAMETERS
Equilibrium values of lattice parameters a, b and c at given temperature and pressure are calculated from minimization of free energy w = w mag +w el (see Eqs. (1) and (3)) with respect to parameters δv/v, u rh and u zz . In the first approximation we neglect small contribution of interplane exchange 5 , J ac (∝ J bc )/J ab < 1/30. Intraplane exchange constants depend on the deformations implicitly, through the intermolecular distances r(δv/v, u rh , u zz ), see. e.g.
Ref.
12. We further assume that the thermal-expansion coefficient 15 , β v , and isothermal compliance χ T are constant in the considered part of phase diagram, so, the function f in equation (3) can be written as 16 :
In this case equilibrium values of deformations at a given AFM magnetic structure are the following:
and
Superscipt "⊥" in Eq. (7) indicates intraplane exchange contribution into u zz .
Temperature dependence of the values δv/v, u zz and u rh can be unambiguously defined if we take into account the following facts: i ) decreasing and exponential character of J(r) function; ii ) relations between intermolecular distances at T = 0: r 
Here T N is the Néel temperature and T sat (usually ∝ 0.5T N ) is the temperature at which M 0 attains its saturation value.
As a result, cell volume, δv/v, and in-plane orthorhombic deformation, u rh , are increasing functions of temperature (because dJ b (r
ab )/dr < 0), while interplane distance (and corresponding deformation u zz ) is decreasing function of temperature. All the dependencies could be approximated with the function
where the constant A (1/K) depends upon the values dJ/dr. 
Parameters σ p in fact define "ferromagnetic" (if σ p = 1) or "antiferromagnetic" (if
in two neighboring (p-th and p + 1-th) close-packed planes. Moreover, if all the spins are collinear, mutual orientation of the next-to-nearest neighboring planes is also defined by the same parameters, e.g., Fig. 5 ). Thus, the magnetic energy (1) in mean-field approximation can be adequately presented in a form of 1-dimensional Ising model for the effective "pseudospins" σ p :
It can be easily seen that the difference ∆J c ≡ J bc − J ac plays a role of the effective field that in the absence of NNN coupling (J c = 0) tends to align all the "pseudospins" in parallel.
Such a "ferromagnetic" ordering generates an LTC (σ p = 1, ∆J c < 0) or HTC (σ p = −1, ∆J > 0) magnetic structure (see Fig. 5 ). In turn, the exchange coupling between NNN, J c , is responsible for interaction between the neighboring "pseudospins". If J c < 0 (ferromagnetic exchange between the "real" spins), "ferromagnetic" coupling is still preferable (LTC or HTC structures). However, if NNN exchange coupling is AFM, J c > 0, then, an "antiferromagnetic" ordering of "pseudospins" (σ 2p = 1,σ 2p+1 = −1) that corresponds to ITC structure is favorable.
Stability ranges of the HTC, ITC and LTC structures can be found from comparison of corresponding energies: The hypothesis of strong space dependence of the interplane exchange constants is also supported by the observed jumps of interplane distance in the HTC-ITC and ITC-LTC transition points (see Fig.4 , lower panel): u
Assuming that pressure dependence u zz (P ) results from the space dependence of in-plane exchange constants (in analogy with u zz (T )) we get the same as (16) estimation for the inand inter-plane exchange constants: (17)).
VI. CONCLUSIONS
In the present paper we have analyzed the role of interplane exchange interactions in formation of the magnetic and crystal structure of solid δ-O 2 . We show that the crystal volume and orthorhombic deformation in ab-plane strongly depend on the in-plane exchange forces. On the contrary, interplane distances noticeably depend not only on the strong inplane but also on relatively small interplane exchange coupling. As a result, abrupt change of the magnetic structure (HTC-ITC-LTC transition) is followed by the step-wise variation of interplane distances. In this paper we considered mainly the temperature effects that cause variation of the crystal lattice parameters, interplane exchange constants, and, as a result, series of transitions between different magnetic phases. However, analogous effects could be produced by pressure. Moreover, we assume that pressure may induce some other than the considered commensurate magnetic structures, especially in the vicinity of α − δ-transition line.
